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APPLICATION NOTE 
rf Capacitive Coupling with Efficient Gated 
Trapping in Internal Matrix-Assisted Laser 
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Ion Cyclotron Resonance 
Michael L. Easterling, Cynthia C. Pitsenberger, and I. Jonathan Amster 
Department of Chemistry, University of Georgia, Athens, Georgia, USA 
A method to combine gated trapping and capacitive coupling into a single experiment is
reported. This is achieved with a circuit that allows isolation of the electronic network that 
gates the trapping voltage from the circuit that enables capacitive coupling of the rf 
excitation signal to the trapping plates. When the capacitive coupling network is not isolated 
from the gated trapping network, the trapping voltage changes occur on a 100 Us or longer 
timescale, which is incompatible with efficient capture of ions formed by matrix-assisted 
laser desorption ionization. Isolation of the two networks allows the trapping voltage to be 
gated with less than a 10/~s risetime. The effectiveness of this approach is demonstrated bya 
set of experiments carried out with and without the benefit of the isolation of capacitive 
coupling from gated trapping. © 1997 American Society for Mass Spectrometry (J Am Soc 
Mass Spectrom 1997, 8, 195-198) 
S 
ince the evolution of the ion cyclotron resonance 
(ICR) cell from a drift device to a three dimen- 
sional trap device, 1 many developments have 
emerged to address problems associated with the ef- 
ficient capture, storage, and excitation of ions. These 
efforts have primarily been focused on reducing the 
adverse ffects of the electric fields used for trapping 
and excitation by altering cell geometries and trapping 
electrode design. 2 While few of these methods have 
significantly altered the way Fourier transform mass 
spectrometry (FTMS) is performed, they can be useful 
for optimizing various portions of the ICR experiment. 
This approach can be quite effective, because ion loss 
can occur during any part of the ICR experimental 
sequence. Moreover, a combination of enhancement 
techniques within the same experiment can lead to 
improvements in resolution, sensitivity, and signal-to- 
noise ratio. Two of these methods, gated trapping 3-s 
and rf capacitive coupling, 6 were recently combined 
into an internal matrix-assisted laser desorption ioniza- 
tion (MALDI) instrument capable of performing both 
within the same experiment. 7 Gated trapping improves 
the efficiency of ion capture at the beginning of the 
experiment, while rf coupling reduces ion losses dur- 
ing excitation. 
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Early ion cyclotron resonance experiments primarily 
used electron impact or chemical ionization to generate 
ions within the confining electric field of the analyzer 
cell. The resulting ions had near thermal translational 
energies that could be efficiently trapped by the static 
voltage of the end electrodes. This method required 
little effort to trap ions aside from choosing an appro- 
priate constant trapping voltage level. In contrast, most 
modem ionization techniques [MALDI, electrospray 
ionization (ESI)] form ions external to the analyzer cell. 
These ions must be allowed to enter the analyzer cell 
and then must be captured. For small ions, this trap- 
ping can be accomplished by energy losses within the 
static trapping field, so that an ion with a nonzero 
initial axial kinetic energy is trapped in an axially 
symmetric potential well. This process of accumulated 
trapping is not well understood, and is not efficient, 
particularly for ions of higher mass-to-charge ratio or 
for experiments that produce high velocity ions or a 
wide distribution of kinetic energies. For these ions, 
the capture efficiency can usually be improved with 
gated trapping, in which one trapping plate voltage is 
decreased to allow ions to enter the analyzer cell, and 
then raised to capture the ions. 3-s Gated trapping is 
particularly applicable to ions that reach the cell in a 
pulse; for example, ions formed by pulsed laser de- 
sorption. In contrast, a continuous beam of ions, such 
as that formed by electrospray ionization, are usually 
captured by accumulated trapping. 
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The gated trapping technique is performed in three 
stages. Prior to the ionization event, the voltage on the 
trap plate closest o the ionization source (front plate) 
is brought to ground, allowing a nearly field free 
entrance to the cell. The trapping potential is reapplied 
to the front trapping plate some time after ions have 
entered the cell, but before they exit after reflection by 
the rear trapping potential. The time between the ion- 
ization pulse and trap potential restoration is on the 
order of tens to hundreds of microseconds, and its 
value is critical for most experiments in terms of trap- 
ping efficiency. This timing can also provide a discrim- 
inating passband energy filter for ions of different 
mass-to-charge ratios. If the gated trapping voltage is 
higher than that used during detection, the ion kinetic 
energy is reduced by collisional relaxation and the trap 
voltage is reduced. This method is fairly easy to imple- 
ment with most instruments and has been reported 
with several ionization techniques including internal 
and external matrix assisted laser desorption and elec- 
trospray. 6-1° 
The MALDI Fourier transform ion cyclotron reso- 
nance (FTICR) instrument that we have recently con- 
structed relies on both gated trapping and rf coupling 
for efficient trapping and detection of high mass, singly 
charged ions. 7 Capacitive coupling is a technique used 
in segmented open cells to apply the excitation wave- 
form to the trapping plates, thereby extending the 
electric field in order to approximate infinite excitation 
electrodes. This extension serves to reduce or eliminate 
any axial component that can promote undesirable 
z-axis excitation. This can be especially important at 
higher mass-to-charge ratios during the excitation/de- 
tection event because low trapping voltages are re- 
quired to prevent he coalescence ofpeaks with closely 
spaced frequencies, 11"12 and axial losses increase as 
trapping voltage is decreased. The circuit used for 
capacitive coupling is much like that used to couple rf 
and dc signals in quadrupole analyzers. The capacitive 
junction to the rf amplifier is meant to allow the 
excitation signal to pass, while blocking the dc level 
used for trapping. Unfortunately, this same circuit 
behaves as a low pass filter for voltage changes ap- 
plied to the trapping plates. As a result, rapid voltage 
changes at the trapping plates are stretched by the 
capacitive coupling circuit. Using values of R = 10 K 
and C = 10 nF, as have been previously reported for 
capacitive coup l i r tg ,  13 the  risetime for voltage changes 
at the trap plate is greater than 100 /~s. For MALDI 
FTICR experiments, gated trapping requires that the 
trapping voltage be changed on a 10/~s time scale, and 
so the previously reported capacitive coupling circuit 
design result in lower efficiency for the gated trapping 
of ions that have a considerable spread in kinetic 
energies. To overcome this problem, a switching circuit 
was used to isolate the trapping electrodes from the 
capacitive coupling circuit during gated trapping 
events, as shown in Figure 1. Switching is accom- 
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Figure 1. Schematic of the circuit that allows capacitive cou- 
ptng to be enabled and disabled. A TTL signal originating from 
the data system is used to enable/disable capacitive coupling. 
An optocoupler isolates the ground of the circuit from that of the 
data system, preventing a ground loop that introduces noise into 
the detection circuit. All resistors in the coupling circuit are 10 K, 
and a]l capacitors are 10 nF. 
plished with a relay that is activated by a TTL signal 
from the data station. Situated between the capacitor 
and trap electrode on both channels, the relay can 
make or break the coupling circuit. When this connec- 
tion is broken, the network is equivalent to the stan- 
dard ICR trapping scheme, and is capable of achieving 
fast gated trapping. Associated components are used 
to source current for holding the relay open and to 
prevent inductive kick upon deactivation of the relay. 
A miniature electromagnetic relay was chosen over a 
solid state relay to avoid frequency discrimination of 
the excitation signals by internal capacitance. Adverse 
inductive effects on the relay from the field of the 
superconducting magnet are insignificant because the 
electronics used for rf coupling in our instrument are 
external to the vacuum system, and can be located at a 
distance from the magnet of the FTMS instrument. 
Normally, rf coupling is disabled at the start of an 
experiment and restored at any time after the gated 
trapping event and before detection. 
To determine the effectiveness of the relay circuit, a 
10 Vp_~ square wave signal was applied to the trapping 
voltage input of the rf coupling circuit. The traces in 
Figure 2 show the time dependent output levels mea- 
sured at the front trap electrode. With the coupling 
circuit enabled, the risetime is greater than 100/~s, as 
shown in the lower trace. For capturing high mass 
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Figure 2. Time-dependent response of the coupled (lower trace) 
and uncoupled (upper trace) trap electrodes to a 10 V level 
change. Disabling capacitive coupling reduces the risetime of the 
voltage step from 100 p~s to less than 10 /~s. 
ions, we use trapping voltages of 30-50 V. If the 
capacitive coupling circuit were enabled, this would 
correspond to a 3-5 eV deficit in trapping energy in 
the first 100 ms. Bypassing the coupling circuit pro- 
vides a more rapid response, with the applied voltage 
achieved within the first 10 ms. Small network capaci- 
tance effects are apparent for this case, but have no 
significant effect upon our experiments, asgating times 
less than 10 ms are not required. 
To examine the cooperative improvement in instru- 
mental performance provided by merging the two 
techniques into a single experiment, a set of four mass 
spectra were acquired with all possible permutations 
of rf coupling and gated trapping. Figure 3 shows 
these results for a set of MALDI mass spectra of PEG 
2000 plotted with similar absolute intensity scales. 
Details of the 4.7 MALDI-FTICR instrument and of the 
procedures used for MALDI can be found in another 
publication. 7 The mass spectra occupying the top half 
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Figure 3. Mass spectra of cationized poly(ethylene) glycol with 
different states of gated trapping and rf coupling. All intensities 
are relative to the most abundant oligomer in the upper left 
spectrum. All mass spectra re obtained as single scans. 
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of the figure were obtained with similar gated trap- 
ping parameters. The left panel, acquired with both 
gated trapping and rf coupling, shows the most in- 
tense signal for the cationized polymer ions. The mass 
spectrum at the upper right was taken with rf cou- 
pling, switched off during the excitation pulse indicat- 
ing axial ejection losses reduced the detection effi- 
ciency by about 60% over the previous experiment. 
The rf excitation waveform amplitude and duration 
were identical for both experiments, indicating that the 
axial component of detection power can significantly 
reduce signal intensity even with highly efficient rap- 
ping. The lower left panel indicates that static trapping 
has only about 10% of the trapping efficiency exhibited 
by gated trapping. The lower right mass spectrum, 
acquired with static trapping and no rf coupling, shows 
that this scheme is inferior for trapping ions. Although 
the trap potential was in excess of the theoretical 
kinetic energy of the MALDI produced ions, the en- 
ergy losses that provide suitable trapping efficiencies 
for lower masses were inefficient for capturing ions. 
Using a switchable, external rf coupling circuit in 
tandem with gated trapping has been shown to pro- 
vide a significant improvement in signal intensities for 
internal MALDI-ICR. This will allow study of poly- 
mers and biopolymers at the upper end of our desired 
instrumental mass range ~ 10,000 u) with high trap- 
ping efficiency and minor z-axis modulation. The abil- 
ity to switch capacitive coupling off or on during an 
experimental sequence also provides an effective 
method for examining z-axis excitation during 
quadrupolar excitation or for the separation of axial 
and radial ejection for analysis of these effects upon 
ion remeasurement. 14 While the circuit described here 
has been applied to a capacitively coupled open-ended 
cell, it should be noted that a similar circuit could be 
used with close-ended cells that employ capacitive 
coupling. 15 
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